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Abstract: Quantum properties of light, which are crucial resources for quantum technologies,
are quite fragile in nature and can be degraded and even concealed by the environment. We show,
both theoretically and experimentally, that mesoscopic twin-beam states of light can preserve
their nonclassicality even in the presence of major losses and different types of noise, thus
suggesting their potential usefulness to encode information in quantum communication protocols.
We develop a comprehensive general analytical model for a measurable nonclassicality criterion
and find thresholds on noise and losses for the survival of entanglement in the twin beam.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
The proper transmission of quantum states of light is at the core of quantum communication
protocols. Among the states involved in such protocols, there are bipartite states exhibiting
nonclassical correlations, such as entangled states. Communication protocols can be performed
through optical fibers [1–3], free-space channels [4–6], and underwater environment [7,8]. As
extensively theoretically discussed and experimentally proved [9,10], quantum states of light are
rather fragile since their degree of nonclassicality can be deteriorated or even concealed by the
losses that affect the transmission channels. For instance, the transmission through free-space
channels is limited by the presence of atmospheric turbulence, which acts as a temporal and
spatial variation of the air refraction index [11]. Usually quantum communication experiments
have been implemented by exploiting different degrees of freedom, such as polarization, time-bin,
position and transverse momentum [12,13], all of them at the single-photon level [14–16].
In some recent papers of ours [17,18] we have demonstrated that quantum optical states
produced in the mesoscopic intensity regime are potentially useful to accomplish Quantum
Communication protocols as they exhibit a good robustness to different statistically-distributed
losses.
In principle, a similar situation occurs also in the presence of noise sources, which characterize
the transmission channel itself or can be added by some evesdropper. For instance, the Authors of
Ref. [19] compared different nonclassicality criteria to investigate the survival of nonclassicality
in twin-beam (TWB) states when uncorrelated modes in signal and idler are detected together
with the correlated ones. Indeed, a noise source, thermal or multi-mode thermal one, can
add an uncorrelated amount of noise to the transmitted quantum optical state thus resulting
detrimental for its nonclassical nature [20,21]. In this respect, we demonstrate here that the more
super-Poissonian the noise, the more detrimental its effect on the transmitted quantum state. On
the contrary, the more sub-Poissonian the noise, the less detrimental its effect on the transmitted
quantum state. In the following, we focus on the case of a noise source added to one of the
parties of a mesoscopic TWB state and theoretically demonstrate the way in which it modifies the
nonclassicality of the transmitted quantum state. Depending on the nature of the noise source,
the quantum correlations exhibited by the TWB can slightly decrease or be completely destroyed.
In particular, we consider some limiting situations that can be experimentally addressed. We
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show experimental results obtained by mixing two different noise sources, a Poissonian or a
single-mode thermal state, with a multi-mode TWB and evaluate the level of nonclassicality of
the resulting state in terms of the noise reduction factor. By applying the developed theoretical
model, we also show that we are able to characterize either the noise or the quantum state.
2. Modelling the noise affecting the transmission channel
Let us assume that the bipartite state to be transmitted is a multi-mode TWB state de-




nk |nk, nk⟩, where λ2 = ⟨nk⟩/(1 + ⟨nk⟩) and ⟨nk⟩ is the mean number of photons
in the k-th mode [22]. In the case of a multi-mode incoherent TWB, with no phase relations




Pµ(n)|n, n⟩⟨n, n|, (1)




k=1 |nk⟩k and n is the overall number of photons in the µ spatio-
spectral modes that impinge on the detector, while Pµ(n) is the multi-mode thermal distribution
Pµ(n) =
(n + µ − 1)!
n!(µ − 1)! (⟨n⟩/µ + 1)µ (µ/⟨n⟩ + 1)n
, (2)
in which ⟨n⟩ is the mean number of photons in each arm. The state in Eq. (1) is an entangled state
in the number of photons. To experimentally prove its nonclassical nature, a sufficient criterion





where σ2(n1 − n2) is the variance of the distribution of the photon-number difference between
the two parties and ⟨n1,2⟩ is the mean number of photons in signal and idler, respectively. In
Eq. (3) ⟨n1⟩ + ⟨n2⟩ is the so-called shot-noise level, that is the variance of the distribution of
the photon-number difference in the case of two coherent states having mean values ⟨n1⟩ and
⟨n2⟩. The condition R<1 indicates the existence of nonclassical correlations. We have already
demonstrated that the expression of R in Eq. (3), which is given in terms of photons, can be
also written in terms of measurable quantities to be directly applied to data [24]. If we use a
photon-number-resolving detector characterized by a quantum efficiency ηj, so that ⟨mj⟩ = ηj⟨nj⟩
is the mean number of detected photons, Eq. (3) can be expressed in terms of detected photons.
In particular, in the case of multi-mode thermal TWBs, Eq. (3) reads [25]









Now, if we assume that both the arms of TWB are affected by an uncorrelated amount of noise
having mean value ⟨mN1⟩ and variance σ2(mN1 ) on arm 1 and ⟨mN2⟩ and variance σ2(mN2 )
on arm 2, the expression in Eq. (4) must be re-calculated. We consider the single-shot values
k1,2 = m1,2 + mN1,2 and evaluate the noise reduction factor R = σ2(k1 − k2)/⟨k1 + k2⟩. We get




⟨m1⟩ + ⟨m2⟩ + ⟨mN1⟩ + ⟨mN2⟩
+
(⟨m1⟩ − ⟨m2⟩)2
µ(⟨m1⟩ + ⟨m2⟩ + ⟨mN1⟩ + ⟨mN2⟩)
+
σ2(mN1 ) − ⟨mN1⟩ + σ2(mN2 ) − ⟨mN2⟩
⟨m1⟩ + ⟨m2⟩ + ⟨mN1⟩ + ⟨mN2⟩
.
(5)
From Eq. (5) it emerges that the additional noise comes into play in the last term as well as in
each denominator. An interesting aspect of Eq. (5) is that the last term can be positive, negative
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or zero depending on the nature of the noise. To study the feasible situation in which one arm of
TWB is sent through a transmission channel to the receiver, while the other arm is maintained
by the sender, in the following we focus on the case where only in one arm of TWB, say arm 2,
there is an additional noise source (⟨mN2⟩ ≡ ⟨mN⟩), so that Eq. (5) simplifies to




⟨m1⟩ + ⟨m2⟩ + ⟨mN⟩
+
(⟨m1⟩ − ⟨m2⟩)2
µ(⟨m1⟩ + ⟨m2⟩ + ⟨mN⟩)
+
σ2(mN) − ⟨mN⟩
⟨m1⟩ + ⟨m2⟩ + ⟨mN⟩
. (6)
If the transmission channel is also affected by an asymmetric amount of loss such that ⟨m1⟩ =
⟨m⟩ = η⟨n⟩, ⟨m2⟩ = t⟨m⟩ = tη⟨n⟩, t ∈ (0, 1) being the transmission efficiency, Eq. (6) becomes
R = 1 −
2ηt⟨m⟩
(1 + t)⟨m⟩ + ⟨mN⟩
+
(1 − t)2⟨m⟩2
µ [(1 + t)⟨m⟩ + ⟨mN⟩]
+
σ2(mN) − ⟨mN⟩
(1 + t)⟨m⟩ + ⟨mN⟩
. (7)
It is easy to show that in the case of a coherent noise contribution for which σ2(mN) = ⟨mN⟩,
Eq. (7) reduces to the case of a TWB affected by an asymmetric amount of noise [18] apart from
the presence of ⟨mN⟩ in the denominators:
R = 1 −
2ηt⟨m⟩
(1 + t)⟨m⟩ + ⟨mN⟩
+
(1 − t)2⟨m⟩2
µ [(1 + t)⟨m⟩ + ⟨mN⟩]
. (8)
In such a case, the typical behavior of R as a function of the mean value of TWB and of the mean
value of the Poissonian noise source is shown in panel (a) of Fig. 1 for t = 1 (red surface) and
t = 0.4 (black surface).
Fig. 1. Noise reduction factor as a function of the mean value of TWB and of the mean value
of noise when it is described by a Poissonian distribution (panel (a)) or by a single-mode
thermal state (panel (b)). In both cases we set µ = 100, η = 0.17 and two possible values of
the transmittance efficiency: t = 1 (red surface) and t = 0.4 (black surface). The blue surface
at R = 1 represents the boundary plane between classical and nonclassical correlations.
On the contrary, if the noise contribution is multi-mode thermal with µN equally-populated
modes for which σ2(mN) = ⟨mN⟩(⟨mN⟩/µN + 1)>⟨mN⟩ [26], Eq. (7) becomes
R = 1 −
2ηt⟨m⟩
(1 + t)⟨m⟩ + ⟨mN⟩
+
(1 − t)2⟨m⟩2
µ [(1 + t)⟨m⟩ + ⟨mN⟩]
+
⟨mN⟩2
µN [(1 + t)⟨m⟩ + ⟨mN⟩]
. (9)
Research Article Vol. 29, No. 21 / 11 Oct 2021 / Optics Express 32845
Note that the last term becomes negligible for large numbers of modes, while it can play a
detrimental role for small values of µN, being the worst for µN = 1. The expected behavior for a
noise contribution described by a single-mode thermal state (µN = 1) is shown in panel (b) of
Fig. 1 for t = 1 (red surface) and t = 0.4 (black surface). It is relevant to explore the presence of
a multi-mode thermal noise source since it is expected in standard communication channels [20].
However, for the sake of completeness, we will also explore the case of a sub-Poissonian noise,
which could be intentionally introduced by some eavesdropper. The variance of a detected Fock
state under Bernoullian detection is σ2(mN) = η2σ2(nN) + η(1 − η)⟨nN⟩ [24] with σ2(nN) = 0.
Thus the expression in Eq. (7) reads as
R = 1 −
2ηt⟨m⟩
(1 + t)⟨m⟩ + ⟨mN⟩
+
(1 − t)2⟨m⟩2
µ [(1 + t)⟨m⟩ + ⟨mN⟩]
−
ηt⟨mN⟩
(1 + t)⟨m⟩ + ⟨mN⟩
, (10)
where the noise contribution is in arm 2. In this case it is straightforward to prove that, for t = 1,
the Fock state does not change the value of R, which, at variance, increases for t<1. In particular,
for multi-mode TWB states with a large number of modes (µ ∼ 100), the value of R saturates to
(1 − ηt), as shown in panel (a) of Fig. 2.
Fig. 2. Noise reduction factor as a function of the mean value of TWB and of the mean
value of noise when it is described by a Fock distribution with t = 1 (red surface) and t = 0.4
(dark gray surface) in panel (a) and by a sub-Poissonian state obtained by conditioning a
different TWB state with mcond = 5 and µN = 10 (red surface) or µN = 100 (dark gray
surface) for t = 1 in panel (b). In both cases we set µ = 100, η = 0.17.
Another example of sub-Poissonian noise contribution is given by the conditional states
obtained in one arm of a different TWB (say the signal) when conditional measurements are
performed in the other arm (the idler) [27–31]. In such a case, the mean value and the variance
of the noise contribution obtained from this different TWB can be written as functions of the
parameters describing the original state [32,33]:
⟨mN⟩ =






[η2mcondµ2N + ⟨mTWB, N⟩µN(mcond + 2η2mcond + µN)
+ ⟨mTWB,N⟩2(2mcond + 2µN − η2µN)],
(12)
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⟨mTWB,N⟩ and µN being the mean value and the number of modes of the unconditioned state,
respectively, and mcond the conditioning value. Even if this kind of sub-Poissonian noise degrades
the level of nonclassicality of the transmitted TWB state, its effect is definetely less detrimental
than that of Poissonian or super-Poissonian noise sources, as shown in panel (b) of Fig. 2 for
t = 1 and two different choices of µN.
3. Extracting information on the noise affecting the transmission channel
In the previous Section, we have demonstrated that, in general, the presence of an additional
noise in one arm of the transmitted TWB state determines a degradation of its nonclassicality. In
particular, we have proven that, the more super-Poissonian the noise contribution, the worse the
effect on TWB. We prove this statement, by presenting the experimental results obtained for two
different kinds of noise, Poissonian and quasi-single-mode thermal, added to a component of
a TWB. We show that the measurement of the noise reduction factor of the transmitted TWB
allows us to extract information on the transmitted state as well as on the main properties of the
noise source.
The setup used to produce the multi-mode TWB states of Eq. (1) is shown in Fig. 3. The
fourth-harmonic field at 262 nm of a Nd:YLF laser regeneratively amplified at 500 Hz (IC-500,
High-Q Laser) is used to produce multi-mode TWB states in a slightly non-collinear interaction
geometry by parametric down conversion in a β-barium-borate (BBO, cut angle = 46.7 deg,
6-mm long) crystal in the linear gain regime. The twin portions at frequency degeneracy (523
nm) are spatially and spectrally selected, focused by achromatic doublets into multi-mode fibers
with a 600-µm-core diameter and thus delivered to the detectors. In one arm of the TWB, a
mirror is inserted in front of the BBO to introduce the noise contribution. As the first case, we use
the second harmonics of the laser, which is a Poissonian light source at the same frequency as the
TWB, while in the second case we use a quasi-single-mode thermal state produced by sending
the second harmonics of the laser through a rotating ground-glass disk (GD) and selecting a
single speckle with a pin-hole (PH).
Fig. 3. Sketch of the experimental setup. See the text for details.
Since we are interested in exploring the so-called mesoscopic intensity domain, where the
optical states contain sizeable numbers of photons, to prove their robustness to noise sources,
the employed detectors are endowed with photon-number-resolving capability. In particular,
they are hybrid photodetectors (HPD, mod. R10467U-40, Hamamatsu Photonics), a class of
commercial detectors with partial photon-number resolution and a good linearity. Each detector
output is amplified, synchronously integrated and digitized. By applying the self-consistent
method already explained elsewhere [22,26], we can convert the output voltages into numbers
of detected photons and thus calculate all the relevant statistical quantities, such as the noise
reduction factor, in terms of measurable quantities [34]. In the following we present two different
experiments: first of all, we show the behavior of the noise reduction factor as a function of
the mean value of the noise contribution while keeping fixed the mean value of the transmitted
TWB. Secondly, we do the reverse, that is we keep the mean number of photons of the noise
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contribution fixed and we vary the mean number of photons of TWB. We modify the energy of
the TWB by means of a half-wave plate followed by a polarizing cube beam splitter on the pump
beam, whereas we change the energy of the noise source by placing the same kinds of optical
elements (half-wave plate and polarizing cube beam splitter) on its pathway (see Fig. 3).
In Fig. 4 we show the behavior of the noise reduction factor R as a function of the mean
number of photons of the Poissonian noise contribution for a fixed choice of the TWB state. The
experimental data are shown as black dots + error bars, while the best fit according to Eq. (8) is
shown as a red curve. The fit also takes into account the presence of an imbalance between the
two arms of TWB. The fitting parameters are: the mean number of detected photons ⟨m⟩ and
the number of modes µ of TWB, the quantum efficiency η, and the transmittance efficiency t.
On observing the data, we notice that the presence of a Poissonian noise degrades the level of
nonclassicality, even if the values remain well below 1.
Fig. 4. Noise reduction factor as a function of the mean number of detected photons of
coherent noise for a fixed choice of TWB. Black dots and error bars: experimental data; red
curve: best fit according to Eq. (8). Fitting parameters: ⟨m⟩ = 0.88, µ = 1564, η = 0.19, and
t = 0.90; χ2ν per degree of freedom: 1.12. The gray line at R = 1 represents the boundary
between classical and nonclassical correlations.
The situation is completely different in the case of a thermal-noise source. Indeed, in Fig. 5 it
is possible to appreciate the rapid growth of the noise reduction factor as a function of the mean
number of detected photons of the added noise. The data are presented as black dots + error bars,
while the best fit is shown as a red curve. In this case, among the fitting parameters we have
to include the number of modes of the noise contribution µN. In such a condition, it emerges
that when the mean number of detected photons of the thermal contribution is less than that of
the TWB it is still possible to observe nonclassicality, while for larger mean values the noise
reduction factor goes well above 1. Further discussions about this point are addressed at the end
of the Section.
To completely validate the model presented in Eq. (6), in the following we show the results
obtained by fixing the mean value of the noise and varying that of the TWB state. In particular,
in Fig. 6 we present the noise reduction factor as a function of the mean value of TWB in the case
of a coherent noise source in one arm. For the sake of comparison, in the same figure we plot the
data in the absence (black dots + error bars) and in the presence (red dots + error bars) of the
noise source. It is evident that the noise increases the value of R. However, it is interesting to
notice that at increasing mean values of TWB, the nonclassicality degradation becomes more and
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Fig. 5. Noise reduction factor as a function of the mean number of detected photons of
multi-mode thermal noise for a fixed choice of TWB. Black dots and error bars: experimental
data; red curve: best fit according to Eq. (9). Fitting parameters: ⟨m⟩ = 0.89, µ = 49.93,
η = 0.18, t = 0.90, and µN = 1.38; χ2ν per degree of freedom: 2.21. The gray line at R = 1
represents the boundary between classical and nonclassical correlations.
more negligible. The same considerations are also valid in the case of a thermal noise source: in
Fig. 7 we plot the noise reduction factor as a function of the mean number of photons of TWB for
a fixed choice of the noise source. The data are shown as black dots + error bars in the absence
of noise and as red dots + error bars in the presence of it. It can be noticed that for small mean
values of the TWB state the observation of nonclassicality is prevented because of the noise
source, while it is still possible to reveal sub-shot-noise correlations for large mean values.
The behavior shown in Figs. 6 and 7 suggests that, in the presence of noise sources and as
far as the detection apparatus is able to properly resolve the number of detected photons in
the employed TWB states, well-populated states must be preferred in communication channels
since they are more insensitive to noise than low-populated ones. Obviously, the nonclassicality
degradation also depends on the mean value of the noise. The larger the noise contribution, the
more populated the TWB state should be in order to preserve its nonclassicality.
In order to shed more light on this point, we consider the two noise sources (coherent and
thermal states) used in the experimental part and also the case of a Fock-state noise source since
they represent three benchmark situations (Poissonian, super-Poissonian and sub-Poissonian
noise).
According to Eq. (8), if the noise contribution is Poissonian, sub-shot-noise correlations are
guaranteed if
2ηt⟨m⟩
(1 + t)⟨m⟩ + ⟨mN⟩
−
(1 − t)2⟨m⟩2/µ
(1 + t)⟨m⟩ + ⟨mN⟩
>0. (13)
Note that in this inequality the term ⟨mN⟩ referred to the noise contribution only appears in
the equal denominators of the two terms. Thus it does not contribute to the establishment of a
threshold for nonclassicality. By focusing on the two numerators and solving the inequality in
the variable t, we have
2ηtµ − (1 − t)2⟨m⟩>0. (14)
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Fig. 6. Noise reduction factor as a function of the mean number of detected photons of
TWB state for a fixed choice of coherent noise. Black dots and error bars: experimental
data in the absence of noise; red dots and error bars: experimental data in the presence of
coherent noise; colored curves: theoretical fitting functions according to Eq. (8). From the
fitting procedure applied to black dots we obtain: µ = 643.12, η = 0.17, t = 0.87. By using
the same values, from that applied to red dots we get ⟨mN⟩ = 0.87. The χ2ν per degree of
freedom is equal to 1.9 (black dots) and 3.9 (red dots). The gray line at R = 1 represents the
boundary between classical and nonclassical correlations.
Fig. 7. Noise reduction factor as a function of the mean number of detected photons of
TWB state for a fixed choice of multi-thermal noise. Black dots and error bars: experimental
data in the absence of noise; red dots and error bars: experimental data in the presence of
thermal noise; colored curves: theoretical fitting functions according to Eq. (9). From the
fitting procedure applied to black dots we obtain: µ = 499.48, η = 0.18, t = 0.87. By using
the same values, from that applied to red dots we get ⟨mN⟩ = 0.57, µN = 1.20. The χ2ν per
degree of freedom is equal to 3.5 (black dots) and 3.2 (red dots). The gray line at R = 1
represents the boundary between classical and nonclassical correlations.
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Thus, the nonclassicality condition holds for all values of the transmission efficiency between t1

















In practical situations, such as for the experimental condition described above, the quantity
µη/⟨m⟩ is of the order of 10-20, thus meaning that only for values of t<0.05 the inequality R<1
is not satisfied.
At variance with the case of Poissonian noise, for a thermal noise contribution the nonclassicality
condition R<1 is explicitly dependent on the mean value ⟨mN⟩. Indeed, from Eq. (9) we have
sub-shot-noise correlations if
2ηt⟨m⟩ − ⟨mN⟩2/µN
(1 + t)⟨m⟩ + ⟨mN⟩
−
(1 − t)2⟨m⟩2
µ [(1 + t)⟨m⟩ + ⟨mN⟩]
>0. (16)
By solving the inequality for the variable ⟨mN⟩, that is for the mean number of photons of the









It is interesting to notice that, also in the case of thermal noise, the condition in Eq. (14) must be
fulfilled to ensure the positivity of the square-root argument. In this condition, the maximum
value of ⟨mN⟩ satisfying the nonclassicality condition is limited by the mean number of photons
per mode of the TWB state, ⟨m⟩/µ.
Finally, we consider the case of a Fock-state noise source, which represents the best sub-
Poissonian state. According to Eq. (10), the nonclassicality condition R<1 is satisfied for
ηt(2⟨m⟩ + ⟨mN⟩)
(1 + t)⟨m⟩ + ⟨mN⟩
−
(1 − t)2⟨m⟩2
µ [(1 + t)⟨m⟩ + ⟨mN⟩]
>0, (18)








Again, we see that for t>t1 in Eq. (15) there is no threshold for ⟨mN⟩, while for t<t1 the threshold
is set by Eq. (14).
We can summarize the results obtained for the three situations as follows:
• In the case of coherent noise (Poissonian case), the noise contribution never prevents the
observation of sub-shot-noise correlations but the value of the transmittance efficiency t
must exceed a threshold.
• In the case of thermal noise (super-Poissonian case), the noise contribution can prevent the
observation of sub-shot-noise correlations. In particular, the mean value of noise is upper
bounded by the square root of the mean number of photons per mode of the TWB state.
Moreover, the observation of nonclassicality also depends on the same threshold for the
value of the transmittance efficiency t as in the case of Poissonian noise.
• In the case of Fock-state noise (sub-Poissonian case), there is a condition for the mean
value of the Fock state connected to the already-mentioned threshold for the value of the
transmittance efficiency. If t is larger than this threshold, the noise contribution never
prevents the observation of sub-shot-noise correlations. On the contrary, for values of t
smaller than the threshold, only large mean values of the Fock state allow reaching the
condition R<1.
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All these results make the use of mesoscopic quantum states of light particularly appealing for
quantum-state communication, as an alternative to the traditionally-employed single-photon
states.
4. Conclusions
In this paper we presented a comprehensive model to quantify the nonclassicality of mesoscopic
TWB states when one party is affected by noise and loss. In particular, we showed that the more
super-Poissonian the noise contribution the more difficult the observation of nonclassicality. We
also demonstrated that sub-Poissonian states minimally affect the nonclassicality level and a Fock
state can preserve it. Our investigation was developed in terms of the noise reduction factor for
measurable quantities in order to directly apply the theory to experimental data. To prove the
model, we realized two experimental tests by using two different noise sources, namely a coherent
state and a quasi-single-mode thermal state. The data are in excellent agreement with the model.
Our results suggest the employment of mesoscopic TWB states in communication channels. In
particular, well-populated TWB states seem to be the best choice in the presence of a strong noise
contribution since they preserve their nonclassicality. Of course, the determination of photon
numbers in rather intense states can be a problem. The best choice for the detectors could be
represented by Silicon photomultipliers, which are compact photon-number-resolving detectors
characterized by a high dynamic range [35]. Work is in progress in this direction. Finally we
note that, since the developed model allow us to obtain information both about the quantum state
and the noise sources, it could be used to describe a communication protocol based on TWB
states in which the information is encoded in the noise superimposed to the TWB and the losses
mimic an eavesdropper’s interference [36].
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